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Abstract

This work presents a proof of concept including simulation and experimental validations
of acoustic gas sensor prototypes for trace CO2 detection up to 1 ppm. For the detection of
lower gas concentrations especially, the dependency of acoustic resonances on the molecular
weights and, consequently, the speed of sound of the gas mixture, is exploited. We explored
two resonator types: a cylindrical acoustic resonator and a Helmholtz resonator intrinsic to
the MEMS microphone’s geometry. Both systems utilized mass flow controllers (MFCs)
for precise gas mixing and were also modeled in COMSOL Multiphysics 6.2 to simulate
resonance shifts based on thermodynamic properties of binary gas mixtures, in this case,
N2-CO2. We performed experimental tracking using Zurich Instruments MFIA, with
high-resolution frequency shifts observed in µHz and mHz ranges in both setups. A
compact and geometry-independent nature of MEMS-based Helmholtz tracking showed
clear potential for scalable sensor designs. Multiple experimental trials confirmed the
reproducibility and stability of both configurations, thus providing a robust basis for
statistical validation and system reliability assessment. The good simulation experiment
agreement, especially in frequency shift trends and gas density, supports the method’s
viability for scalable environmental and industrial gas sensing applications. This resonance
tracking system offers high sensitivity and flexibility, allowing selective detection of low
CO2 concentrations down to 1 ppm. By further exploiting both external and intrinsic
acoustic resonances, the system enables highly sensitive, multi-modal sensing with minimal
hardware modifications. At microscopic scales, gas detection is influenced by ambient
factors like temperature and humidity, which are monitored here in a laboratory setting
via NDIR sensors. A key challenge is that different gas mixtures with similar sound
speeds can cause indistinguishable frequency shifts. To address this, machine learning-
based multivariate gas analysis can be employed. This would, in addition to the acoustic
properties of the gases as one of the variables, also consider other gas-specific variables
such as absorption, molecular properties, and spectroscopic signatures, reducing cross-
sensitivity and improving selectivity. This multivariate sensing approach holds potential
for future application and validation with more critical gas species.
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1. Introduction
The ability to accurately sense trace gas concentrations of gases such as CO2, CH4,

CO, NO2, and SO2 among other gases is crucial for various applications including en-
vironmental monitoring, industrial process control, agricultural processes, and medical
diagnostics—for example, ammonia, which is widely used in refrigeration and agricul-
ture, and carbon monoxide, widely found in many industrial processes, medicine, safety,
and robotics [1,2]. Historically, large, high-precision, and sophisticated systems, including
mass spectrometers and gas chromatographs, have been used for gas sensing. The gas
sensing technologies used currently include various methods such as change in electrical
resistance, current generation, radiation adsorption, photoacoustics, and MEMS techniques.
However, some disadvantages of them include poor selectivity, baseline drift, high power
consumption, environmental concerns, etc. [3]. These gas-detecting techniques can be
classified into two categories: sensors that detect specific gas species and those that observe
broader changes in ambient atmospheric composition [4]. A widely used adsorption-based
sensing technique relies on the affinity between the sensing element and the target gas
species, for example, surface acoustic waves and calorimetry. Although this approach
can offer high accuracy because of the engineered chemical selectivity, it often limits the
response to specific chemical species. In contrast, sensing techniques that measure the
physical properties of gases, such as acoustics or photoacoustics, offer the potential for a
broader applicability in various gas species [5,6]. The choice of gas detection techniques is
highly dependent on the intended application, as Capone [4] emphasized. Although these
systems offer excellent accuracy, their size, complexity, and cost limit their utility in real
time or field applications. In contrast, recent advances in MEMS have enabled the devel-
opment of compact, low-cost, and real-time gas sensors. Table 1 provides a comparative
overview of various gas sensing techniques, detailing their working principles, sensitivity
levels, and resolution capabilities [4].

Table 1. Gas sensor types with associated physical changes, sensitivity, and resolution ranges.

No. Sensor Type Physical Change Sensitivity (ppm) Resolution (ppm)

1 Semiconductor Electrical
conductivity 5–500 0.1–10

2 Field effect Electrical
polarization 0.1–100 0.01–1

3 Piezoelectric Mass 0.1–100 0.01–1

4 Optical Optical
parameters 0.1–1000 0.01–10

5 Catalytic Heat/temperature 100–10,000 10–100
6 Electrochemical EMF or current 0.05–500 0.01–1

Among various detection strategies, resonance frequency-based sensing has emerged
as a particularly promising approach since this method focuses on shifts in resonant
frequency from the reference point as a function of changes in physical properties resulting
from gas interaction. Sensors that operate with frequency output offer the following several
distinct advantages:
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1. High Accuracy and Long-Term Stability: [7] Frequency-based outputs are less affected
by drift and electronic noise compared with analog voltage or current signals, resulting
in more reliable performance.

2. Exceptional Sensitivity: [8] Resonant sensors can detect very small variations in mass
or force, allowing the precise detection of trace gases.

3. Lower System Complexity and Cost: [9] We can often process frequency outputs
without complex analog-to-digital converters .

4. Robust Thermal Stability: [10] Compared with piezoresistive sensors, resonant sensors
exhibit reduced susceptibility to temperature fluctuations, ensuring more consistent
readings under varying environmental conditions .

By focusing on frequency-tracking techniques in MEMS gas sensors combined with
amplitude monitoring, researchers can develop gas detection systems that are highly sensi-
tive, compact, robust, and suitable for integration into portable or embedded platforms.
This approach is especially advantageous in scenarios that require rapid detection or opera-
tion in complex gas mixtures or where traditional sensing technologies reach their limits.
This paper focuses on MEMS-based acoustic sensors that are highly sensitive to variations
in gas composition, making them effective sensors, as their resonance is influenced by
gas properties such as density and the speed of sound. Some disadvantages of acoustic
sensing also include increased susceptibility to background noise and distortions, poor
Q factor, and sensitivity in a higher spectrum of audible range [11]. We examine and
simulate the design of these cylindrical acoustic resonators as detectors using COMSOL
Multiphysics. This research has concentrated on CO2 analysis, as it is crucial for environ-
mental monitoring to detect its low quantities. The molecular weight and velocity of any
gas mixture are the primary determinants of resonance analysis. We can use the same
methodology to determine the resonances of other gas mixtures if the speed of sound of
that mixture in air is known. This paper’s research combines geometric and Helmholtz
frequency monitoring with MEMS-based detectors. It offers a comprehensive investigation
of this sensing technology by presenting a complete presentation of mathematical concepts,
simulation techniques, and experimental validation. An important goal of this paper is thus
to provide a proof of concept for using acoustics in gas sensing, not as a final sensor, but as
an important building block to design multi-gas and multi-variable detection systems,
and to pave the way to exploit the frequency dependency of acoustic resonators and put the
theory to experiment for researchers to develop detection systems that are highly sensitive,
compact, robust, and suitable for integration into portable or embedded platforms.

2. Theory
2.1. Acoustic Resonance

Sound waves, which are capable of propagating through virtually all solid structures,
make acoustics a multifaceted field of study [12]. The molecular activity within the medium
significantly influences the behavior of acoustic waves, specifically the number of internal
molecules and their vibrations around their equilibrium positions, which are dictated by
the speed of sound (c) in the medium. The following Equation (1) describes the speed of
sound in a gas mixture [6,13]:

c =

√
γRT
Mm

(1)

where γ denotes the specific heat ratio, R represents the universal gas constant [8.314 m3 Pa
mol−1 K−1], T stands for temperature [293 K], and Mm is the molar mass of the gas mixture
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(kg/mol). For a non-ideal gas mixture, the speed of sound can also be directly determined
using the following Equation (2) [6]:

c =

√
β

ρ
(2)

where β is the bulk modulus of elasticity and ρ is the gas density. Within a confined
space, the molecules exhibit high kinetic energy, which manifests itself as increased sound
pressure levels at resonance frequency, defined by (3) [14] as follows:

fres =
nc
L

(3)

where fres is the resonant frequency in Hz, n is the resonance mode, c is the speed of
sound in m/s, and L is the length of the resonator in m. This relationship underscores the
proportional relationship between the acoustic resonance and the speed of sound, forming
the theoretical foundation of this gas-sensing technique [6].

The amplitude of the acoustic resonance is expressed as

SPL = ρcv (4)

where SPL represents the sound pressure level in Pa, c is the speed of sound in m/s, and v
is the molecular velocity within the acoustic wave [6]. According to this relationship,
the amplitude of the wave at resonance is proportional to

√
ρ, increasing as the gas mixture

becomes denser.

2.2. Acoustic Resonance in a 1-D Cylindrical Resonator

Acoustic waves traversing an open medium generally display modest amplitudes.
However, when the gas sample is confined within a compact, enclosed geometry with
rigid boundaries, the amplitude of these waves can be significantly enhanced. Acoustic
resonators, which are well-defined closed geometric structures, serve to augment the
amplitude of acoustic waves. These devices can produce not only longitudinal modes,
but also azimuthal and radial modes, as detailed in [15]. Longitudinal modes, which
involve pressure variations along the length of the resonator cavity, differ fundamentally
from azimuthal and radial modes, which exhibit pressure nodes and antinodes distributed
in the circumferential and radial directions, respectively. To selectively excite longitudinal
modes, the resonator must typically possess either an open–open or closed–closed boundary
condition to support strong wave reflections along its axis (see Figure 1). In this system,
the length of the cylindrical cavity is the primary variable, while the radius remains fixed,
naturally favoring the excitation of longitudinal modes whose resonances are strongly
dependent on cavity length. Radial and azimuthal modes, on the contrary, are not effectively
excited because their resonant frequencies are mainly governed by the radius and angular
structure of the cavity, which remain unchanged, and because their mode shapes require
off-axis or asymmetric excitation, neither of which is present here. Furthermore, radial and
azimuthal modes generally carry significantly lower acoustic energy under these conditions.
Careful alignment of the acoustic source and detector along the central axis of the cylinder
ensures that energy is funneled almost exclusively into longitudinal modes, reinforcing
their dominance in the observed resonance behavior.
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• The resonance frequency for a 1-dimensional acoustic resonator for an open–open/
closed–closed system and open–closed system [15] is as follows:

fn =
nc

2(L + δL)
and f2m−1 =

(2m − 1)c
4(L + δL)

(5)

where fn and f2m−1 denote the resonance frequencies, c represents the speed of sound
within the medium, L is the total length of the resonator, and δL is the end correction factor,
which is conventionally zero for closed ends [6]. This end-correction factor accounts for the
effective acoustic length, which may extend marginally beyond the physical dimensions of
the resonator, particularly in configurations where two cavities are present, and the radius
of the secondary cavity substantially exceeds that of the primary cylinder. Resonance in
open–open or closed–closed pipes occurs at frequencies that are integer multiples of half
the wavelength Equation (5) (left), in contrast with open–closed systems, which resonate at
odd integer multiples, as indicated in Equation (5) (right). The experimental setup can be
characterized as a one-dimensional acoustic resonator, given that the acoustic wavelength,
calculated as c/ f ≈ 0.0085 m, exceeds the resonator length of 0.015 m (see Figure 2), and is
a closed–closed system with the cylinder completely sealed, thus containing the acoustic
waves. Within a closed–closed cylindrical resonator, standing waves establish at distinct
frequencies, with pressure antinodes forming at both sealed ends. The fundamental fre-
quency is characterized by half a wavelength fitting within the tube, with higher harmonics
manifesting at integer multiples of this base frequency. This configuration promotes the
amplification of acoustic signals at these resonant modes, thereby enhancing both the
sensitivity and the signal-to-noise ratio critical for acoustic gas-sensing applications.

Figure 1. Total acoustic pressure (Pa) generated at resonance of the cylindrical resonator (simulated).

Figure 2. CAD depiction of the cell geometry used for resonance tracking measurements, with the
internal volume = 1.116 cm3.
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2.3. Resonance Frequency Shift with Gas Concentration

As mentioned previously in Equation (1), the speed of sound in an ideal gas can be
adapted for a mixture of ideal gases by assuming that the specific heat ratio (γ) of the
mixture is calculated as a mole-weighted average of the specific heat ratios of its constituent
gases, as shown in Equation (6) [6].

γ =
∑n

i=1 xiCpi

∑n
i=1 xiCvi

(6)

The molecular weight of the gas mixture (M) is determined using the weighted average
mole fraction of the molecular weights of its components, as expressed in Equation (7).
This approach, based on Dalton’s law of partial pressures and the ideal gas law, provides
an accurate representation of the mixture’s overall molecular weight, which is important
for subsequent calculations of acoustic properties.

M =
n

∑
i=1

xi Mi (7)

By substituting the specific heat at constant volume (Cvi) as Cvi = Cpi − R0 and then
substituting Equations (6) and (7) into Equation (1), we derive the final Equation for the
speed of sound in a gas mixture, as given in Equation (8).

c2
0 = R0T

∑n
i=1 xiCpi

∑n
i=1 xi Mi ∑n

i=1 xi(Cpi − R0)
(8)

In this equation, R0 is the universal gas constant, T is the absolute temperature, xi is
the mole fraction of the i-th component, Mi is the molecular weight, and Cpi is the heat
capacity at constant pressure. Although densities are not explicitly included in this formula,
they vary with changes in mole fractions and molar masses. Consequently, as the gas
concentration changes, the molar mass and density change, which affect the speed of sound
and, in turn, the resonance frequency [6].

Molarmass ∝ Density ∝ Resonance f requency ∝ 1/(Speed o f sound) (9)

2.4. Microphone Helmholtz Resonance

MEMS microphones are widely adopted in consumer products due to their exceptional
performance characteristics and compact form factor. These devices typically require an
acoustic pathway to facilitate sound transmission from the external environment to the
microphone element. This pathway, which comprises various components such as the
product housing, the acoustic gasket, the printed circuit board (PCB), and the microphone
itself, functions as a waveguide that modulates the frequency response of the system, as
seen in Figure 3. The material properties of these components play an important role
in determining the overall performance and frequency response characteristics of the
microphone system.

A Helmholtz resonator is a fundamental acoustic element consisting of a hollow cavity
with a narrow sound inlet. When excited, this structure resonates acoustically, producing a
phenomenon analogous to the sound generated when air is blown across the opening of an
empty bottle. Its resonance frequency is given by (10) [16], as follows:

FH =
c

2π

√
AH

VCLH
(10)
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where c is the speed of sound in air, AH is the cross-sectional area of the sound inlet, LH

is the length of the inlet, and VC is the volume of the cavity. Figure 3 also shows a model
that illustrates how the geometry of a MEMS microphone similarly forms a Helmholtz
resonator, defined by the small front inlet port and the enclosed large back cavity.

Figure 3. MEMS microphone inserted into a standard metal package imitating a Helmholtz chamber.

The MEMS microphone is enclosed in a designed package that creates a front cham-
ber (1) and a back chamber (3) along with a very thin membrane above the sound inlet (2),
which together determine the microphone’s frequency response behavior. The thickness of
the substrate is optimized to balance robustness with minimal impact on Helmholtz reso-
nance frequency [17]. This Helmholtz resonance can be monitored similarly to geometric
resonance, as discussed in previous chapters. This method provides a gas-sensing approach
that is independent of the geometry of the external resonator and is based solely on the
MEMS microphone package and the speed of sound (c). A similar laser-based photoacoustic
gas sensing approach was also developed for low ppm methane detection, using a 2970 nm,
8.5 mW interband cascade laser focused through the sound port of a TDK ICS-40730 MEMS
microphone. Unlike traditional gas sensors that rely on dedicated acoustic resonators, this
method uses the MEMS microphone itself as a photoacoustic cell, resonator, and sound
transducer in one compact unit [18].

2.5. Frequency Tracking Using Lock-In and Phase-Locked Loop

In reference to Equations (5) and (10), as the speed of sound (c) changes, a shift in
resonance is expected. However, in gas mixtures, especially those with small concentration
changes, the variation in the speed of sound is less pronounced. For example, a 100 ppm
change in gas concentration leads to a negligible change in the speed of sound compared
with 10,000 ppm or 1%. Consequently, the corresponding frequency shift is also minimal
(in µHz/mHz ). Therefore, to detect these subtle changes, precise frequency tracking
becomes very important. This requirement for accurate frequency tracking is a key focus
of this paper. To achieve this critical frequency tracking, we utilize lock-in amplifier and
phase-locked loop (PLL) functionalities of the Zurich Instruments MFIA that facilitate the
advanced features like high-precision measurements necessary to detect minute changes
in gas composition through shifts in resonance frequency. The locked-in frequency and
phase of the resonator serve as the input signal to the PLL module, and any change in these
parameters as a result of physical changes is actively tracked in a closed-loop configuration,
as shown in Figure 4.

We controlled gas concentrations for all experiments using the Sensirion SFC 5500-
2slm Mass Flow Controller (MFC), which has a full-scale flow accuracy of 0.1%. Because the
control software only permitted control of the flow rates and no direct manipulation of the
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gas concentrations, they were calculated on the basis of the controlled flow rates using the
dilution theory [19], which can be observed in Equation (11). In short,

Concentrationin ∗ Flowratein = Concentrationout ∗ Flowrateout (11)

This change in gas concentration alters the properties of the gas mixtures (ref
Equations (5) and (8)), leading to a shift in the acoustic resonance frequency, which is
then detected as a phase shift. The MFIA PID controller then acts to compensate for this
phase shift, generating equivalent control signals to stabilize the phase. We pass these
signals to the Voltage-Controlled Oscillator (VCO), which adjusts its frequency accordingly.
The frequency adjustment made by the VCO reflects the actual shift in resonance resulting
from the change in gas concentration, thus allowing for precise tracking of the acoustic
behavior under varying gas conditions. Thus, with the help of frequency tracking using the
MFIA, any deviation from the reference phase indicates a shift in the resonance frequency,
which implies a change in the gas concentration within the acoustic chamber.

Figure 4. Schematic diagram of a PLL with its components. The PLL generates an output signal that
follows the phase and frequency of its input signal. It is implemented using a negative feedback
closed loop.

3. Simulations
We modeled the acoustic resonator in COMSOL Multiphysics to simulate its response

to varying CO2 concentrations in the N2/CO2 gas mixture. We defined the geometry
(Figure 5), boundary conditions, thermodynamic properties, and material properties of
the gas mixture, and then calculated the acoustic pressure field for different gas mixtures.
Figure 1 also shows a resonance mode with the simulated model.

Figure 5. Acoustic resonator geometry, L = 15 mm, R = 7 mm, valve opening = 1 mm.
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The simulation physics included the following:

• Pressure Acoustics, Frequency Domain: The acoustic pressure in the chamber is gener-
ated using this module. We generate this pressure in COMSOL using the following
Equations [20]:

δ(− 1
ρc
(δpt − qd))−

k2
eq pt

ρc
= Qm (12)

pt = p + pb (13)

k2
eq = (

w
cc
)2,−iw = λ (14)

where pt, pb, ps are total pressure, background pressure field, and scattered field.
Without background field, pt = ps = p. ρc and cc are complex valued quantities,
and keq is the wave number in both the out-of-plane and azimuthal directions.

• Thermodynamics, Gas System: To simulate gas mixtures within the acoustic chamber,
we use thermodynamic physics to manually define diluted gas compositions by
specifying solvent and solute gases along with key mixture properties. This allows
accurate replication of the behavior of the mass flow controller and enables the export
of the mixture to the materials section for further simulation.

3.1. Boundary Conditions

To accurately model a closed-closed acoustic system, we implement pressure boundary
conditions at both ends of the cylinder within the Pressure Acoustics module. We outline
the boundary conditions as follows:

3.1.1. Pressure Settings

• Left End of Cylinder: We apply a constant pressure of 1 Pa.
• Right End of Cylinder: Set to 0 Pa, simulating no pressure, but just a solid boundary.

3.1.2. Valve Configurations

All valve openings are configured as closed to prevent the simulation software
from interpreting the system as open-closed, which would improperly influence the
resonance characteristics.

3.1.3. Simulation Parameters

• We enable amplitude normalization to stabilize the solution.
• We disable port sweep to focus on stationary state analysis.
• The initial pressure settings across domains are set to 0 Pa.
• We select the external layer as an acoustic wall.
• We activate a domain probe for the inner cylinder.

3.2. Chemical and Thermodynamic Considerations

We use thermodynamic physics to define diluted gas compositions manually, by spec-
ifying solvent and solute gases along with key mixture properties. This allows the accurate
replication of the behavior of the mass flow controller and enables export of the mixture to
the materials section for further simulation.

3.3. Selected Solvent and Bulk Species

• We select Nitrogen (N2) as the solvent, chosen for its mass and thermodynamic properties.
• Carbon dioxide (CO2) is designated as the bulk species, which primarily influences

the system dynamics.
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This configuration ensures an accurate simulation of the closed–closed acoustic system
and adequately represents the properties of the gas mixtures for analysis.

4. Experimental Setup and Methodology
4.1. Cylindrical Acoustic Resonator—Higher Concentrations

According to the system block diagram in Figure 6, we use a PZT crystal (2) as an
acoustic source and a TDK 40730 microphone (3) as an acoustic detector with sensitivity
as 12.59 mV/Pa at the other end. In this configuration, both the inlet and outlet valves
were kept open to avoid any unwanted pressure generation or condensation generation
(4,5), allowing continuous gas flow through the chamber through a mass flow controller.
The control software, manually calibrated for individual gases (N2 and CO2), regulated
gas flow rates in standard liters per minute (slm). Consequently, gas concentrations were
calculated based on the controlled flow rates of the constituent gases using the principle
of gas dilution seen above in Equation (11) [19]. Using these relationships, measurements
were performed systematically, starting from 100% CO2 and gradually decreasing the
concentration in increments of 10%. To minimize uncontrolled variables in this open-
system configuration, we maintain a constant total flow rate.

Figure 6. Block diagram of the system used to determine the acoustic resonance of the resonator with
varying CO2 concentrations.

Experimental flow : For higher gas concentrations (i.e., 100% CO2 to 10% CO2), we
perform a frequency sweep for each new gas concentration to find the corresponding
geometric resonance peak. We repeat each frequency sweep measurement five times,
and the values presented below are arithmetic means of those measurements. These
high concentration measurements are performed for basic validation of standard acoustic
resonance theory (Equation (5)) before demonstrating the trace gas measurements using
PLL. The variance of these measurements was very small in terms of the microphone output
and frequency, and thus, error bars are omitted. On the left in Figure 7, the experimental
flow is also briefly presented.
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Figure 7. Work flow for higher CO2 concentrations using sweep functionality (left) and lower
CO2 concentrations using PLL functionality (right) using Zurich Instruments MFIA.

4.2. Cylindrical Acoustic Resonator—Trace Gas Concentrations

To investigate CO2 concentrations at trace levels (i.e., up to 1 ppm) where the frequency
shifts become minimal, it became necessary to use a much more precise and reliable method
such as the phase-locked loop module provided by Zurich Instruments MFIA. In addition to
frequency sweeps, this setup also allowed for precise tracking of small resonance frequency
changes, providing the necessary resolution to detect and measure the subtle changes in
low CO2 concentrations on the acoustic properties of gas mixtures.

Experimental Flow: Figure 7 (right) shows a slightly different work flow used to
calculate the minor deflections in the resonance. We monitored key parameters, including
frequency and standard deviation, and recorded them after every 10 min measurement
period. We performed measurements under continuous gas flow with three repetitions
per concentration, and the results were averaged for accuracy. It was also made sure that
MFC’s lower control limit (i.e., 0.1–100% full scale (1000:1)) was never exceeded to avoid
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any stability and repeatability problems. Some reference flow rates (slm) and Table 2 detail
the calculations (ppm) for a few instances based on the gas dilution theory, where the
required CO2 was the target concentration, the input CO2 came from the gas bottles in
the laboratory, and the flows of CO2 and N2 were calculated accordingly and used in the
MFC software (ControlCenter Version 1.36).

Table 2. Gas mixture calculations w.r.t flow rates for trace CO2 concentrations.

Required CO2 in
the Mixture (ppm) Input CO2 (%) CO2 Flow (slm) N2 Flow (slm)

100 0.5 0.001 0.049
10 0.02 0.001 0.019
1 0.01 0.001 0.099

4.3. Helmholtz Resonator

The goal of this new experiment, although using the same setup, was to track the trace
gases, but this time by using the intrinsic Helmholtz resonance of the MEMS microphone,
making this approach largely independent of external geometrical factors, as mentioned in
Equation (10). Since both the resonances (Helmholtz and Geometric) can be now tracked
with the same setup, it offers a great flexibility and enables future multi-variable analysis.
As Helmholtz resonances usually occur in the ultrasound range, it is usually beyond human
hearing and the capabilities of conventional acoustic sources [16,17]. Thus, to excite this
resonance, we used a non-conventional method involving a PZT crystal that has not been
explored before. Although it generated a limited SNR, it was one of the best available
solutions. Due to the compact chamber geometry and the close proximity of valves near the
detector microphone, we used low flow rates to prevent signal interference. The resonance
peak is governed by Equation (10) and is experimentally determined at around 35kHz
in Section 5.4.

Experimental flow: The Helmholtz resonance frequency of a TDK 40730 MEMS
microphone was tracked using the same experimental setup (Figure 6). There may be slight
variations in the Helmholtz frequency as a result of small assembly and manufacturing
variations. We can monitor the exact resonance by varying a physical parameter, since
it is independent of any external geometry variations. For example, the area, volume,
and length parameters specified in Formula (10) are constant as the physical dimensions
of this microphone, which remain fixed once fabricated. Thus, to find out the resonance,
we can perform a frequency sweep around 30–35 kHz. To confirm that the measured
peak corresponds to the Helmholtz resonance, we can vary the geometry of the cylindrical
resonator (1 in Figure 6), and then the measurement was repeated (in our case, the length
was altered). Since changing the physical parameter of the resonator would alter only
the geometrical resonance (Formula (5)), the Helmholtz peak should remain unchanged.
This behavior enables the difference between standard acoustic resonances and Helmholtz
resonances. Once the resonance is identified, the PLL work flow (right in Figure 7) can be
repeated to track it against the change in gas concentration.

This resonance can also be verified using the Formula (10) if the corresponding pa-
rameters are known. We carefully opened up the microphone cavity and placed it under a
Keyence laser scanning microscope to measure the length of inlet port, cavity height, mem-
brane structure, total volume, etc., to find the theoretical value of this MEMS microphone.

In Figure 8, it was shown how various parameters were roughly measured by using a
Keyence laser microscope. In order to calculate the chamber volume, we had to calculate
the radius, which was performed by calculating the diameter of the membrane that sat
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inside Figure 9. After calculating these values and substituting them in Equation (10), we
calculate the expected resonance.

(a) (b) (c)

(d) (e) (f)

Figure 8. (a–c) Measurement of length of the inlet port; (d–f) measurement of height of the chamber.

Figure 9. 4-Octagon membrane structure with diameter pro Octagon ≈ 777 µm.

5. Results and Discussion
For the data collection methodology, all values presented in this study represent

arithmetic means calculated from multiple experimental trials to ensure the reliability and
reproducibility of the results. Standard deviations accompany these means to indicate
the variability and precision of the measurements. For low concentration measurements,
two distinct datasets are shown on the same graph, since they remain analytically sepa-
rate due to different initial CO2 concentrations in the source bottles. This divergence in
reference baselines arose from the resolution limitations of the MFC. To achieve accurate
and stable gas mixtures at very low concentrations, it was necessary to use source gases
with different CO2 levels. This approach enabled coverage of a wider dynamic range
while maintaining control accuracy and resolution. We generated datasets under distinct
conditions specifically in terms of gas density, flow rate, and initial concentrations, so a
direct combination or overlap is not feasible. We present them concurrently, but they must
be interpreted independently, within the specific context of their respective experimental se-
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tups. Additionally, for such precise measurements involving trace-level gas concentrations,
external environmental parameters such as temperature and humidity are very important.
Although these factors were not actively regulated during the experiments, they were
continuously monitored using NDIR sensors [21], which confirmed that these parameters
remained stable, minimizing their potential impact on the results and ensuring consistent
measurement conditions throughout all trials.

5.1. Geometric Acoustic Resonance—Higher Concentrations

Figure 10 represents 10 different frequency sweep measurements with different
CO2 concentrations stacked together, thus proving the theoretical correlation between
the speed of sound, frequency, and amplitude (Equation (9)). The Y-axis in the figure
represents the output voltage, i.e., the amplitude of the microphone (Nr 3. in Figure 6),
the X-axis represents frequency, and the voltage excitation of the speaker was kept constant
at 5 V. The figure, in short, illustrates the shifts in resonance frequency for varying CO2

concentrations ranging from 100% to 10% in a N2/CO2 mixture.

Figure 10. Impact of varying CO2 concentrations on the resonance frequency of the gas mixture
from 100% to 10% in a N2/CO2 mixture. In addition to frequency values on the X-axis, the plot
shows the corresponding microphone output voltage on the Y-axis, with the microphone sensitiv-
ity = 12.59 mV/Pa.

The important results observed were as follows:

• The linear relationship between resonance frequency and speed of sound is sub-
stantiated by applying a linear regression model, which produces a coefficient of
determination (R2) of 0.96, which confirms direct proportionality.

• The small-magnitude negative slope of −11.8 mV/Hz indicates a gradual decrease in
the resonance frequency with increasing CO2 concentration, although with a relatively
small rate of change.

• We observe an increase in gas mixture density as the CO2 concentration rises due to the
higher molecular weight of 44.01 g/mol [22] of CO2 compared with 28.02 g/mol [22]
for N2.

• Consequently, we observe an increase in amplitude, approximately 50%, from the
lowest point to the highest point, which can be attributed to the relationship between
SPL and density, expressed as SPL ∝

√
ρ, where ρ represents the gas density.
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• The coefficient of determination (R2) of 0.96 obtained from the linear regression anal-
ysis suggests robust consistency and reliability in the measurements. This indicates
that the technique has significant potential for gas detection applications, particularly
for CO2 detection and quantification.

5.2. Geometric Acoustic Resonance—Trace Gas Concentrations

The Y-axis in Figure 11 shows the ppm concentration of CO2, measured in logarithmic
intervals to obtain enough frequency deflection between minor frequency changes, and
the X-axis represents the deflection in the center frequency of reference with respect to the
change in gas concentration, along with the error bars.

Figure 11. Effect of low CO2 concentration variations on the resonance frequency of the gas mixture
at the fundamental mode centered around (11,677.884 + x1) Hz and (11,651.917 + x2) Hz.

Key observations from these measurements include the following:

• Sensitivity: We observe significant frequency shifts in the transition from 100 ppm
to 0 ppm CO2 concentrations (Table 3), as the change in the mole fraction becomes
progressively smaller, resulting in increasingly smaller changes in CO2.

• Linearity: A linear correlation exists between the frequency fn, amplitude SPL,
and speed of sound c and CO2 concentrations, as a result of fres ∝ c, SPL ∝

√
ρ .

(Refer to Equations (3), (4), and (8).)
• Repeatability: The magnitude of the error bars is comparable to the frequency shifts

observed, indicating high measurement repeatability and precision.These errors are
derived from the standard deviations calculated from the respective group of mul-
tiple datasets. This underscores the reliability of the experimental setup and data
acquisition process.

Table 3. Average change in resonance frequency (δf) values for different CO2 concentrations at the
first mode.

Reference CO2 Concentration (ppm) δf

N2—Group 1 1 25
N2—Group 1 10 141

N2—Group 2 100 200
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5.3. Geometric Acoustic Resonance—Simulation

We investigated various resonator geometries through simulation to optimize the
acoustic response. For the final configuration, the simulated resonance modes demon-
strated strong agreement with the experimentally measured values, particularly around
the primary resonance frequency around 12 kHz (Figure 11). This consistency between
theoretical predictions and empirical results validates the simulation approach and con-
firms the physical accuracy of the modeled parameters. In the simulations, the frequency
changes for the trace concentrations were successfully resolved using the same pressure
acoustics physics in conjunction with thermodynamics. Table 4 illustrates the changes in
center frequency due to changes in CO2 concentrations (δf) with respect to pure N2.

Table 4. Simulated resonance shift (δ f ) from the center frequency due to trace gas variations in
the mixture.

Change in CO2 Concentration (ppb) w.r.t N2 Change in Frequency (δ f ) (mHz)

10 8
100 12
1000 28

10,000 76

Some key observations from the experiments include the following:

• The observed trend of frequency, amplitude, and speed of sound remains consistent
across both simulations and experiments.

• Variation in gas concentration resulted in larger frequency shifts in the simulations
compared with the experimental results, since the simulations performed by us are
simulations with no external influence of microphone sensitivity, pressure induced gas
flow, open valves, etc. These ideal results serve as benchmarks for future experiments
with better sensitivity and resolution.

5.4. Helmholtz Resonance

We estimated the theoretical value of the Helmholtz resonance after measuring the
dimensions of the MEMS microphone (see Figures 8 and 9). The calculated resonance
frequency (from Equation (10)) was around 38 kHz, while the experimental was around
35 kHz (seen in Figure 12), indicating good agreement. The small variation most likely
resulted from roughly calculated dimensions with the laser microscope along with an
approximated volume.

Analysis of the data presented in Figure 13 reveals the following two significant outcomes:

• Repeatability: The raw frequency values seen in Figure 12 represent the mean of
three consecutive measurement runs carried out for each gas concentration group.
We computed the associated standard deviation and error values from this dataset,
ensuring statistical reliability and measurement precision. This methodology improves
the repeatability and precision of the reported results.

• Maximum Sensitivity: The Helmholtz resonance method exhibits the largest change
in resonance frequency relative to pure N2 among all experiments carried out in this
study so far (see Table 5). This indicates a high level of sensitivity to variations in gas
composition. Equation (10) shows the direct proportionality between the speed of
sound and the Helmholtz resonance.

• Geometry-Independent Tracking: These results demonstrate that the Helmholtz reso-
nance, which is intrinsic to the microphone and independent of the geometry of the acoustic
chamber, serves as an excellent parameter for tracking gas concentrations. This geometry
independence offers potential advantages in sensor design and application versatility.
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Figure 12. Experimentally observed Helmholtz resonance of TDK ICS 40730 between 30 and 35 kHz
with the help of Zurich Instruments MFIA.

Figure 13. Effect of low CO2 concentration variations on the resonance frequency of the gas mixture
at the fundamental mode centered around (35,218.3 + x1) Hz and (35,218.3 + x2) Hz.

These findings highlight the Helmholtz resonance method as a promising approach
for high-precision gas sensing, potentially offering repeatability, improved sensitivity,
and design flexibility compared with traditional acoustic resonance techniques.

Table 5. Average δ f values of Helmholtz for different CO2 concentrations.

Reference CO2 Concentration (ppm) δ f at Helmholtz (mHz)

N2—Group 1 1 0.085
N2—Group 1 10 1.2
N2—Group 2 100 1.4

5.5. Comparison

You can refer to the tables below for a final comparison between the multiple method-
ologies seen in this paper. For simplicity, we consider only two gas concentrations as a
result of the limited literature available on the speed of sounds of gas mixtures. We can
calculate the speed of sound for any gas mixture using the formula provided by NIMS
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Japan [23]. A comparison for maximum gas resolutions and the change in resonance fre-
quency is made in Table 6. For simulations involving ideal case scenarios, the resolution
is much better in comparison with two other methods explored in this paper. Both meth-
ods could reach a resolution of 1 ppm and showed repeatable changes in the resonance,
although the geometry-independent Helmholtz method showed better results than the
geometrical resonator. For precise regulation, monitoring, better resolution, and precision,
a multivariate analysis in an enclosed system could turn valuable.

Table 6. Comparison between the different gas sensing types experimented in this paper.

Type Maximum Resolution (ppm) δ f (mHz)

Acoustic resonator
(Simulated) 0.001 8

Acoustic resonator 1 0.025
Helmholtz resonator 1 0.085

6. Conclusions
Experiments confirmed that resonance frequency shifts can be reliably detected down

to 1 ppm CO2 concentrations in a N2-CO2 mixture, which offered improved sensitivity
and reduced noise. The phase-locked loop (PLL) functionality of the Zurich Instruments
MFIA enabled high-resolution tracking of frequency changes ranging from 20 to 200 µHz,
as shown in Table 3. Furthermore, a geometry-independent sensing approach based on the
Helmholtz resonance of MEMS microphones demonstrated sensitivity in the mHz range,
as shown in Table 5, validating its effectiveness for applications demanding high resolution
and repeatability. These methods complement traditional acoustic resonance techniques,
expanding the toolkit for advanced gas sensing applications where even minute concen-
tration shifts are important. Repeated experimental trials confirmed the reproducibility
and stability of both configurations, providing a solid foundation for system reliability and
statistical validation. In summary, the integration of geometric acoustic resonance with
advanced measurement techniques, particularly phase-locked loop (PLL) tracking, has
demonstrated a highly sensitive and reliable approach to trace gas sensing. The experi-
ments and simulation models developed in this work have showcased their effectiveness in
detecting minute shifts in resonance frequency corresponding to trace-level changes in gas
concentrations and have also been shown to establish a goal for future investigations aimed
at achieving similar levels of sensitivity. This hybrid sensing strategy not only enhances
detection accuracy, but also offers scalability and adaptability for various sensing configu-
rations. This study aims to provide proof-of-concept prototypes to exploit fundamental
acoustic resonators. This work serves as a building block for multivariate precision gas
sensing. Integrating machine learning algorithms could enable more nuanced analysis
of multiple gas parameters simultaneously, eliminating the issue of cross-sensitivity with
other gas mixtures. For this work, the experiments were set under laboratory conditions,
and other critical influencing parameters such as environment temperature, pressure, hu-
midity, and cross-sensitivity to other gases were monitored throughout the experiments
using a reference NDIR gas sensor [21]. This ensured a minimum invariability of such
parameters during the experiments. The proposed multivariate strategy can be extended
and experimentally validated for detecting higher-priority gases in subsequent studies.
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